Runs of homozygosity (ROH) are important genomic features that manifest when an 19 individual inherits two haplotypes that are identical-by-descent. Their length distributions are 20 informative about population history, and their genomic locations are useful for mapping recessive 21 loci contributing to both Mendelian and complex disease risk. We have previously shown that 22 deleterious homozygous variation, African haplotype backgrounds may play a particularly 35 important role in the genetic architecture of complex diseases for admixed individuals, highlighting 36 the need for further study of these populations. 37
ROH, and especially long ROH that are likely the result of recent parental relatedness, are 23 enriched for homozygous deleterious coding variation in a worldwide sample of outbred 24 individuals. However, the distribution of ROH in admixed populations and their relationship to 25 deleterious homozygous genotypes is understudied. Here we analyze whole genome sequencing 26 data from 1,441 individuals from self-identified African American, Puerto Rican, and Mexican 27 American populations. These populations are three-way admixed between European, African, and 28 Native American ancestries and provide an opportunity to study the distribution of deleterious 29 alleles partitioned by local ancestry and ROH. We re-capitulate previous findings that long ROH 30 are enriched for deleterious variation genome-wide. We then partition by local ancestry and show 31 that deleterious homozygotes arise at a higher rate when ROH overlap African ancestry segments 32 than when they overlap European or Native American ancestry segments of the genome. These 33 results suggest that, while ROH on any haplotype background are associated with an inflation of 34 Introduction 38 Runs of Homozygosity (ROH) are long stretches of identical-by-descent (IBD) haplotypes 39 that manifest in individual genomes as the result of recent parental relatedness. Originally 40 conceived to improve the accuracy of homozygosity mapping of recessive Mendelian diseases, 41
ROH have formed the foundation of studies investigating the contribution of recessive deleterious 42 variants to the genetic risk for complex diseases and the to the determination of complex traits [1] . 43 Moreover, they have provided unique insights into the demographic and sociocultural processes 44 [1] that have shaped genomic variation patterns in contemporary worldwide human populations [2-45 12] , ancient hominins [13] [14] [15] [16] , non-human primates [17, 18] , woolly mammoths [19] , livestock [20-46 26] , birds [27, 28] , felines [29] , and canids [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Recent population bottlenecks, cultural 47 preferences for endogamy or consanguineous marriage, and natural selection, can create 48 increased rates of ROH in individual genomes, substantially increasing overall homozygosity in 49 such populations. 50
Several studies of the distribution of ROH in ostensibly outbred human populations have 51 shown that ROH are common and range in size from tens of kilobases to several megabases in 52 length [2] [3] [4] [5] [6] [7] [8] . Furthermore, total length and prevalence of ROH are correlated with distance from 53
Africa [5, 7, 8] , with more and longer ROH manifesting in individuals from populations a longer 54 distance away. These patterns likely reflect increased IBD among haplotypes as a result of the 55 serial bottlenecking process that humans experienced as they migrated out of Africa. 56
The prevalence of ROH in individual genomes has also been an important factor for 57 understanding the genetic basis of complex phenotypes [40] [41] [42] [43] . High levels of ROH have been 58 associated with heart disease [44] [45] [46] [47] , cancer [44, [48] [49] [50] [51] [52] , blood pressure [53] [54] [55] [56] [57] , LDL cholesterol 59 African American ( = 475), Mexican American ( = 483), and Puerto Rican ( = 483). Each of 85 these populations is three-way admixed between European, Native American, and African 86 ancestral populations, although each has a distinct history. 87
Among the ancestral populations that contributed haplotypes to these admixed populations, 88 it has been shown that the distribution of deleterious heterozygotes and deleterious homozygotes 89 changes with distance from Africa [98] [99] [100] [101] . With this in mind, we propose that accumulation of 90 deleterious homozygotes via increased genomic ROH may also differ within admixed populations 91 based on differing ancestral haplotypes. Indeed, with high deleterious heterozygosity, we propose 92 that African ancestral haplotypes may be most susceptible to large increases in deleterious 93 homozygotes when subjected to harsh bottlenecks or inbreeding, as these low frequency 94 deleterious alleles will be paired into homozygotes as a result of increased genomic ROH. 95
96

Results
97
Admixture 98
Using the subset of sites from our whole-genome sequencing data that intersected with our 99 African, European, and Native American reference panels, we called 3-way local ancestry tracts in 100 all 1,441 samples (see Methods). We also estimated global ancestry proportions by summing the 101 length of all haplotypes inferred to be from a given ancestry and dividing by the total genome 102 length. Fig 1 summarizes 
Deleterious Alleles Across Local Ancestry 150
We next investigate whether there are any differences in deleterious load by local ancestry. 151
Although our local ancestry calls provide us with phased local ancestry inferences, we were 152 limited to a small subset of sites for our reference populations. Since the vast majority of our 153 deleterious alleles come from our unphased whole-genome data, we do not have phase 154 information for the deleterious alleles and cannot assign a specific ancestral haplotype in regions 155 of discordant ancestry. Therefore, we calculate total load based on six different ancestry 156 backgrounds. AFR, EUR, and NAM ancestry regions represent regions that are homozygous for 157
African, European, and Native American ancestries, respectively, and AFEU, EUNA, and AFNA 158 ancestry regions represent regions that are called heterozygous for African/European, 159
European/Native American, and African/Native American ancestries, respectively. We then 160 calculate for each population the number of deleterious alleles per basepair for each ancestry 161
background. 162 Table 1 shows the number of deleterious alleles per basepair for each population and each 163 ancestry background. We perform two types of tests for independence in order to determine 164 whether there are significant differences in the number of deleterious alleles per basepair. First, 165
we test for independence of the count of deleterious alleles on an ancestry background and the 166 count of basepairs covered by that ancestry across populations. We find that neither African 167 ancestry nor European ancestry have statistical differences in the number of deleterious alleles 168 per MB across populations. Further, while NAM, EUAF, and AFNA exhibit statistically differences 169 across populations, it appears to be driven by one of the two populations (AA, MX, and PR, 170 respectively). Next, we test for independence of these counts across ancestries within each 171 population. Here we find that all populations have statistically significant differences in the 172 distribution of deleterious alleles across ancestry backgrounds (AA < 2.2 × 10 /01 ; MX < 173 2.2 × 10 /01 ; PR < 2.2 × 10 /01 ), with NAM ancestry having the lowest rate in AA and PR 174 individuals and EUR having the lowest rate in MX individuals. However, we note that the overall 175 differences were very small (a difference of < 0.1 deleterious alleles per Mbp). 176
Deleterious Alleles in ROH 177
Next, we turn to examining the distribution of deleterious homozygotes within ROH. It was 178 previously reported [73, 74] that there is a higher proportion of deleterious homozygotes per unit 179 increase of ROH than expected from the proportion of benign homozygotes. Naturally, as the 180 total amount of genomic ROH increases, we expect more homozygotes to fall within ROH. 181
However, [73] and [74] found that the rate of increase of the proportion of deleterious 182 homozygotes was greater than for benign homozygotes. This effect was strongest for long ROH, 183 which are likely the result of recent parental relatedness. 184 for benign homozygotes. In this framework, a statistically significant = suggests an overall higher 202 proportion of damaging homozygotes in ROH compared to benign homozygotes, e.g. = = 0.1 203 means that an extra 10% of genome-wide deleterious homozygotes fall in ROH compared to the 204 distribution of benign homozygotes. A statistically significant ^ suggests a difference in the rate of 205 accumulation per unit increase of ROH, e.g. ^ = 1.0 means that for a 10% increase in genomic 206 ROH, 10% more deleterious homozygotes fall in ROH compared to benign homozygotes. Inferred 207 coefficients for the four regressions corresponding to each ∈ { , , , } are given in Table 2 . 208
Fig 4A plots these proportions versus total ROH for all ROH classes combined. In 209 agreement with [73], we find that there is an overall greater proportion of damaging homozygotes 210 in ROH compared to benign homozygotes ( = = 0.1799 , < 2 × 10 /01 ), but in contrast the 211 overall rate of accumulation is not different (^= 1.807 × 10 /= , = 0.0671). When we partition 212 ROH by size class, the distribution of homozygotes in short ROH ( Fig 4B) also differs from [73] . 213
Whereas previously there were no statistically significant differences in = or ^, here we find a 214 significant positive = = 4.810 × 10 /= ( < 2 × 10 /01 ) and a statistically significant negative ^= 215 −0.428 ( = 1.10 × 10 /c ) suggesting that ROH comprised of old haplotypes accumulate 216 deleterious homozygotes at a slower rate that benign homozygotes. As we expect short ROH to 217 be comprised of old haplotypes that have been segregating for a long time, it is reasonable to 218 think that only haplotypes with relatively few deleterious alleles remain segregating in the 219 population. Our results for medium ( Fig 4C) and long ROH ( Fig 4D) are consistent with previous 220 work [73, 74] ; in particular we find that the difference in rates of gain of deleterious versus benign 221 homozygotes is greatest in long ROH (^= 0.229; < 2 × 10 /01 ). 222
Deleterious Alleles in ROH Partitioned by Local Ancestry 223
Now we turn to analyzing the distribution of deleterious homozygotes in ROH comprised of 224 only one particular ancestral haplotypes. As shown in Fig 3A and in other work [98] [99] [100] [101] , 225 populations with more African ancestry tend to have high numbers of deleterious heterozygotes 226 genome-wide. This contrasts with populations that have more European and Native American 227 ancestry, which tend to have more genome-wide deleterious homozygotes ( Fig 3B) as a result of 228 the serial bottlenecks they experienced since migrating out of Africa. 229
However, admixed populations are a recent combination of two or more ancestral 230 populations, and since genome-wide ancestry proportions correlate with numbers of deleterious 231 heterozygotes and homozygotes, we desire to investigate how this mosaicism might affect the 232 accumulation of deleterious homozygotes in ROH. We have already shown (Fig 4) that as total 233 genomic ROH increases the proportion of deleterious homozygotes falling in ROH increases 234 faster than the proportion of benign homozygotes, but here we want to know if the ancestral 235 background of the IBD haplotypes matters. Here we propose that haplotypes sourced from 236 ancestral populations with high deleterious heterozygosity have highest rates of accumulation of 237 deleterious homozygotes when paired IBD to generate ROH. 238
Why might we expect high deleterious heterozygosity haplotypes to generate large 239 numbers of deleterious homozygotes in ROH? Pemberton and Szpiech [74] recently 240 demonstrated that long ROH are enriched for homozygotes comprised of low-frequency alleles. 241
Low-frequency alleles are more likely to be deleterious and are more likely to manifest in 242 individual genomes as heterozygotes. Under a typical random mating scenario these low 243 frequency alleles would be likely to segregate in the population largely as heterozygotes, however 244 severe bottlenecks and cultural practices such as endogamy and consanguineous marriage 245 substantially raise the likelihood of pairing low-frequency alleles as IBD homozygotes. We 246 therefore expect that deleterious homozygotes will be concentrated in large proportion within ROH 247 comprised of African ancestral haplotypes, and that the rate of gain of deleterious homozygotes 248 will be greatest in ROH of African ancestral haplotypes. 249
To test this proposition, we first partition ROH based on the ancestral background of the 250 underlying IBD haplotypes. Then we compute for each individual (i) the fraction of all deleterious 251 F), and the regression coefficients are also summarized in Table 3 . 264
For total ROH, we find significant differences in the rate of accumulation of deleterious 265 homozygotes on all ancestry backgrounds ( Fig 5A-C) . Furthermore, consistent with our 266 expectations, we find that ROH on African ancestral haplotypes have the highest rate difference 267 (^= 1.214, < 2 × 10 /01 ; Fig 5C) , whereas ROH on European ancestral haplotypes have an 268 intermediate rate difference (^= 0.648, < 2 × 10 /01 ; Fig 5B) and ROH on Native American 269 ancestral haplotypes have the lowest rate difference (^= 0.510, < 2 × 10 /01 ; Fig 5A) . This 270 pattern is repeated when we consider only long ROH comprised of young haplotypes (Fig 5D-F) 271
and also when we analyze smaller ROH (albeit with weaker effects; S1 Fig) . We next directly compare the rate of increase of deleterious homozygotes across different 273 ancestral haplotype backgrounds. To do this we compute the following regression, 274 summarize the inferred regression coefficients for all classes in Table 4 . We focus on the 283 regression coefficients k and l , which represent the difference in rate of gain of deleterious 284 homozygotes in ROH on European or Native American haplotypes compared to African 285 haplotypes, respectively. Graphically, in Fig 6 and S2 Fig, a significant k corresponds to a 286 significant difference in the slope of the orange and blue line, and a significant l corresponds to a 287 significant difference in the slope of the orange and purple line. Since we expect that the rate of 288 gain of deleterious homozygotes to be lowest in ROH on European and Native American 289 haplotypes compared to ROH on African ones, we expect significant negative values for both k 290 and l . 291
Consistent with our expectations, when analyzing all ROH ( Fig 6A) we find a significant 292 negative k = −0.763 ( < 2 × 10 /01 ) and l = −0.852 ( < 2 × 10 /01 ), indicating that the gain 293 rate of damaging homozygotes in ROH on African ancestral haplotypes outpaces that of ROH on 294 the other ancestral haplotypes. This pattern continues when considering only long ROH ( k = 295 −0.852, < 2 × 10 /01 ; l = −0.727 , < 2 × 10 /01 ; Fig 6B) and smaller ROH ( Since GERP scores sites and not mutations, we restricted the GERP analysis to loci where the 300 ancestral and derived states were inferred to high confidence. As this ancestral polarization 301 results in discarding a large number of loci with ambiguous ancestral allele state, we also reran 302 We further re-analyzed a subset of the ROH and deleteriousness calls from Pemberton and 307 Szpiech [74] , which contains data on six admixed populations from the 1000 Genomes Project 308
[108] and used CADD [109] scores as a deleteriousness prediction (S1 Text). After extracting the 309 data relating to the admixed individuals from Pemberton and Szpiech [74] and calling local 310 ancestries, we again find qualitatively similar patterns as above (S4 Fig) . Finally, since Pemberton and Szpiech [74] showed that these enrichment patterns appear 312 to be driven by an abundance of homozygotes in ROH comprised of low-frequency alleles, we re-313 analyzed our data using categories of minor allele frequency (MAF) instead of deleteriousness. In 314 order to determine MAF category, we use frequencies computed from all TOPMed Freeze 3 315 whole-genome sequencing data sets (dbGaP accession numbers phs000920, phs000921, 316 phs001062, phs001032, phs000997, phs000993, phs001189, phs001211, phs001040, 317 phs001024, phs000974, phs000956, phs000951, phs000946, phs000988, phs000964, 318 phs000972, phs000954, and phs001143) forming a total sample size of = 18,581. Using these 319 allele frequencies, we categorize each polymorphic locus in a gene region (exons plus introns) 320 into one of two categories: common ( ≥ 0.05) and rare ( < 0.05). We then fit the same 321 models as above, except that instead of comparing the proportion of deleterious alternate allele 322 homozygotes to benign homozygotes as a function of ROH coverage, we compare the number of 323 minor allele homozygotes in the rare class to the common class. 324
We summarize the results of these analyses for each ancestral background, each ROH 325 size class, and each low-frequency class in Fig 7. We find that ROH on African haplotype 326 backgrounds are gain more low-frequency minor allele homozygotes per unit increase of ROH 327 (and especially long class C ROH) compared to common minor allele homozygotes. Since low 328 frequency alleles are enriched for deleterious variants relative to high frequency alleles, this result 329 accords with our previous analyses. 330 331
Discussion
332
The distribution of runs of homozygosity in individual genomes has provided insights into 333 evolutionary, population, and medical genetics [1] . By examining their genomic location and 334 prevalence in a population, we can learn about the history and adaptation of natural populations 335
[2-39], and we can make discoveries about the genetic basis of complex phenotypes . 336
Given the importance of demographic history and socio-cultural practices in the generation of 337 ROH in individual genomes, and their relationship to complex phenotypes including many genetic 338 diseases, it naturally follows to study the distribution of deleterious alleles and their relationship to 339
ROH. 340
Previous work has described the effect of demographic history on the distribution of 341 deleterious alleles [98-101, 110, 111] , including a few specifically investigating their relationship 342 with runs of homozygosity [21, 38, 73, 74, 112, 113] . However, little work has been done on the 343 relationship between deleterious alleles and ROH in admixed populations (although see [113] ). 344
Since there is evidence of very recent bottlenecks (which generate ROH) within admixed 345 populations living in the Americas [88, 113] , the relationship between ROH and the accumulation 346 of deleterious homozygotes may provide valuable insights into the genetic basis of complex 347 phenotypes in these individuals. 348
Here we analyzed 1,441 individuals across three admixed populations: African American, 349
Puerto Rican, and Mexican American. We found that, consistent with other studies, the proportion 350 of deleterious homozygotes found in ROH increases faster than the proportion of benign 351 homozygotes as a function of total genomic ROH (Fig 4) . However, we also proposed that 352 ancestral haplotypes from populations with high deleterious heterozygosity would exhibit even 353 greater increases of deleterious homozygotes per unit ROH. We reason that, under random 354 mating, the larger number of low-frequency deleterious alleles in the population would largely 355 segregate as heterozygotes, whereas, when a harsh bottleneck or consanguinity occurs, these 356 mutations get paired IBD as homozygotes, concentrating more deleterious homozygotes within 357 ROH. Indeed, we found that the genome-wide proportion of deleterious homozygotes in ROH on 358
African ancestral haplotypes increased faster per unit ROH than on ether European or Native 359
American ancestral haplotypes (Figs 5 and 6) . These patterns are also consistent with population-360 specific worldwide patterns of deleterious homozygotes in ROH [74] , where three of the five 361 
Methods
371
Calling Local Ancestry 372
We used 90 African (YRI) individuals and 90 European (CEU) individuals for ancestry 373 references (genotypes obtained from the Axiom ® Genotype Data Set at 374 https://www.thermofisher.com/us/en/home/life-science/microarray-analysis/microarray-data-375 analysis/microarray-analysis-sample-data/axiom-genotype-data-set.html) and SNPs with less than 376 95% call rate were removed. For Native American reference genotypes we used 71 Native 377
American individuals previously genotyped on the Axiom ® Genome-Wide LAT 1 array [115] . 378
We then subset our 1,441 whole-genome sequences corresponding to sites found on the 379 Axiom ® Genome-Wide LAT 1 array, leaving 765,321 markers. We then merge these data with our 380 European (CEU), African (YRI), and Native American (NAM) reference panels, which overlapped 381 at 434,145 markers. After filtering multi-allelic SNPs and SNPs with > 10% missing data, we 382 obtained a final merged dataset of 428,644 markers. We phased this combined data set using 383 SHAPEIT2 [116] and called local ancestry tracts jointly with RFMix [117] under a three-way 384 admixture model based on the African, European, and Native American reference genotypes 385 described above. 386
Calling Runs of Homozygosity 387
We called runs of homozygosity using the program GARLIC v1. Damaging, and Benign. If a mutation has more than one PolyPhen2 classification (e.g. Benign 409
and Probably Damaging), it is reassigned to have only the most damaging category of the group. 410
All mutations that have a PolyPhen 2 prediction or that are synonymous, are then pooled into two 411 separate categories: "damaging" and "benign." All Probably Damaging or Possibly Damaging 412 mutations are pooled into the "damaging" category, and all Benign and synonymous mutations are 413 pooled into the "benign" category. 414 SIFT generates two deleteriousness categories, Intolerant and Tolerant, which we relabel 415 "damaging" and "benign." If a mutation has more than one SIFT classification, it is reassigned to 416 have only the most damaging category of the group. 417
Provean generates two deleteriousness categories, Deleterious and Neutral, which we 418 relabel "damaging" and "benign." If a mutation has more than one Provean classification, it is 419 reassigned to have only the most damaging category of the group. 420 GERP generates a numerical score at a given locus where a higher score indicates more 421 deleteriousness for a derived allele at that locus. Here we focus on derived alleles that are very 422 likely to be deleterious and combine all derived mutations at sites with GERP >= 6 into the 423 category "damaging." We form our "benign" category with all derived mutations with GERP <= 2. Table 3 . Regression coefficients inferred for the analyses shown in Fig 5 and S1 Fig with p-444 values in parentheses. Table 4 . Regression coefficients inferred for the analyses shown in Fig 6 and S2 Fig with p-448 values in parentheses. The difference in slopes (^ coefficients) between deleterious and benign categories across ROH 517 size classes from re-analyses of the data using different deleteriousness classification schemes. The number of (A) deleterious heterozygotes, (B) deleterious homozygotes, and (C) total 555 deleterious alleles per individual using GERP classifications. AA -African American, PR -Puerto 556
Rican, MX -Mexican American. 557 558 S1 Text. Processing of 1000 genomes data. 559 560
